Introduction
Magnesium-rare earth (Mg-RE) alloys are well known to have excellent strength at high temperatures compared to other magnesium alloys. 1) In particular, the Mg-Gd-Y-Zr alloy (12.0 mass%Gd, 1.9 mass%Y, 0.69 mass%Zr, hereinafter called GY122K alloy)
2) exhibits a higher strength than commercial Mg-RE alloys, i.e. WE43 alloy (4 mass%Y, 3.3 mass%RE, 0.5 mass%Zr) and WE54 alloy (5 mass%Y, 3.3 mass%RE, 0.5 mass%Zr).
In our recent study, 3) morphologies of precipitates in the GY122K alloy were clarified by using the high resolution transmission electron microscopy (HRTEM). Contrasts observed in the bright field image were put into connection with additional scattered diffraction spots in the selected area diffraction pattern of a specimen quenched after solution heat treatment. In the early stage of aging, monolayers formed by periodical arrangements of Gd and Y atoms on the f1 1 100g Mg plane, 00 and 0 phases were observed. Furthermore, in the peak aged specimen, the 0 phase was found dominating with co-existence of some 00 phases. It has been reported that the peak hardness and precipitates decrease with a decrease in Gd/Y ratio in aged Mg-Gd-Y-Zr alloys.
2) Owing to a relatively high Gd and Y with high ratio of Gd/Y ($6:3) in the previous Mg-12.0%Gd-1.9%Y-0.7%Zr alloy, it was difficult to clarify by TEM and HRTEM observations the changes in precipitates during the aging time, in particular as regards microstructure in the transition stage from 00 to 0 phase. In the present work, Mg-8.3%Gd-3.7%Y-0.76%Zr alloy was employed in order to suppress the precipitation moderately by decreasing the Gd/Y ratio ($2:2). The HRTEM observation has been performed to clarify changes in the microstructure from the quenching after solution heat treatment up to the peak aging in the alloy.
Experimental Procedures
Chemical composition of the experimental alloy was Mg-8.3%Gd-3.7%Y-0.76%Zr (mass%, hereinafter called GY84K alloy). An alloy ingot was homogenized at 773 K for 6 hours and then hot rolled at 773 K under argon atmosphere. After hot rolling, specimens were encapsulated in pyrex glass tubes under argon atmosphere filled after evacuation to about 10 À2 Pa. Then the specimens were solution treated at 773 K for 1 h, quenched by breaking the glass tube in chilled water at 273 K, an aged in a silicone oil bath at 423 K. For comparison with the GY84K alloy, microstructures of the WE54 alloy aged at 473 K for 128 h were investigated at the same time. TEM specimens were thinned by the twin-jet electro-polishing technique using a mixture of 1/5 nitric acid and 4/5 methanol as the electrolyte at about 243 K. HRTEM observations were performed on the EM-002B TEM (Topcon Co., Ltd., Japan) operated at 120 kV. Figure 1 shows development of the hardness of the GY84K alloy aged at 423 K. After quenching, the hardness slightly increases up to about 32 h. Then the hardness increases remarkably and its peak value is obtained after about 1024 h; after this maximum the hardness gradually decreases again. Microstructures corresponding to these hardness development intervals were investigated by using TEM. Bright and dark dots of a 0.32 nm spacing are arrayed in a row along the ð1 1 100Þ Mg plane. Should these dark dots represent Gd and Y atoms, the spacing of 0.64 nm between them corresponds to the lattice parameter a of the 00 phase (D0 19 type ordered structure) [2] [3] [4] [5] [6] [7] [8] and the 0 phase (base centered orthorhombic structure) [9] [10] [11] reported for the Mg-RE alloys. Antion et al. 12) reported the monolayer contrast on the f1 1 100g Mg plane appearing from the ð1 1 100Þ plane of the 00 phase, which dominates in the WE43 alloy (Mg-4Y-3RE). It remained unknown whether the monolayer contrast observed in the GY122K alloy was 00 phase or 0 phase 3) although computer simulations have been performed using crystal structures of the 00 and 0 phases. In the present work we are also unable to establish for the GY84K alloy the monolayer contrast observed in Fig. 2 In a specimen aged after quenching for 16 h at 423 K, no apparent precipitates are observed at the same magnification as in Fig. 2(a) . As shown in Fig. 3 , HRTEM observation was performed up to the same stage of aging as before.
Results and Discussion
In Fig. 3(a) , monolayers similar to that in Fig. 2 (d) are observed on three f1 1 100g Mg planes. The dark dots are arranged here in a triangle. In Fig. 3(b) , the monolayer on the ð01 1 10Þ Mg plane has doubled the 0.64 nm spacing of the dark dots. On the edge of this monolayer, a monolayer contrast similar to that in Fig. 2(d) Fig. 4 . In Fig. 4(a) we see the magnesium matrix [1120]
[1100]
[1120] 2nm 1nm 1nm 0.64nm
[1120] with some local features. Magnified image of the region (B), indicated by two arrows in Fig. 4(a) , is shown in Fig. 4(b) . On the ð1 1 100Þ Mg plane a monolayer composed of Gd and Y atoms is observed. Length of this monolayer is three times the 0.64 nm spacing of the dark dots, similarly to what we observed on the sample aged for 16 h. Magnified image of the region (C) contoured by the dashed line in Fig. 4(a) is shown in Fig. 4(c) . Here we see three magnesium matrix layers between two monolayers mentioned before. This arrangement corresponds to a part of the 00 phase, 3) indicating hence formation of the 00 phase in this aging stage. In Fig. 4(d) we have then magnified the region (D) enclosed again by dashed lines in Fig. 4(a) . In this micrograph an arrangement of three magnesium matrix layers between two monolayers is visible. Width of these five layers along the ½1 1 100 Mg direction is about 1.1 nm, which corresponds to halved lattice parameter b ¼ 2:22 nm of the 0 phase as reported for the Mg-RE alloy. [9] [10] [11] The orientation relationship between the 0 phase and the magnesium matrix is as follows: ½0001 Mg == ½001 0 and ð2 1 1 1 10Þ Mg == ð100Þ 0 . Consequently, arrangement of bright and dark dots in these five layers corresponds to atomic positions in the ð020Þ 0 plane. The region (E) in Fig. 4(a) is shown in detail in Fig. 4(e) . Combination of three magnesium matrix layers between two monolayers, similar to that in Fig. 4(d) , appears here in a couple. The overall size of the feature along the ½1 1 100 Mg direction is about 2.2 nm, what fits to the lattice parameter b of the 0 phase. Thus, the group of atoms in Fig. 4(e) is ð001Þ 0 . We suppose that Fig. 4(d) shows the course of formation of a 0 phase, and that further growth along the ½1 1 100 Mg direction results in the 0 phase shown in Fig. 4(e) . These HRTEM images provide evidences about co-existence of monolayers composed of Gd and Y atoms on f1 1 100g Mg planes, and 00 and 0 phases in a specimen aged for 64 h at 423 K.
When continuing the aging treatment up to 128 h, the monolayers composed of Gd and Y atoms on the f1 1 100g Mg planes and the 00 and 0 phases keep to be observed growing. An HRTEM image of the peak aged specimen (aged for 1024 h) is shown in Fig. 5 . Monolayers on the f1 1 100g Mg planes, indicated by arrowheads and similar to those in Fig. 4(a) , can be still observed in this aging stage. The 00 and 0 phases are framed here by dashed hexagons and rectangle, respectively. The three kinds of precipitates appear here in mutual contacts. Along the h11 2 20i Mg directions, the 00 and 0 phases grew from 1.28 nm to 2.56 nm and from 2.56 nm to 4.48 nm, respectively. On the other hand, along the h1 1 100i Mg directions the 0 phase grew from 2.2 nm to 3.3 nm while the 00 phase remained unchanged. On the basis of HRTEM results above, namely from arrangements of the bright and dark dots in the precipitates observed parallel to the ½0001 Mg direction in the GY84K alloy, schematic atomic models have been created as shown in Fig. 6 . The black and white spheres represent the Gd and Y atoms and the Mg atoms, respectively. These diagrams explain changes in morphologies of the precipitates as follows. After quenching, a monolayer composed of Gd and Y atoms forms on the f1 1 100g Mg plane. This monolayer acts as a precursor of precipitates. With prolonged aging time additional monolayers form on other equivalent f1 1 100g Mg planes, which leads to a triangular columnar structure. Further aging forms the 00 phase with a D0 19 structure, which grows along the h11 2 20i Mg directions. On the other hand, monolayers composed of the Gd and Y atoms on f1 1 100g Mg planes forms repeating across three f1 1 100g Mg planes, which leads to the 0 phase. As indicated by the schematic diagrams in Fig. 6 , in the course of aging in the GY84K alloy, monolayers formed on f1 1 100g Mg planes after quenching initiate formation of the 00 and 0 phases. In order to compare the morphologies of precipitates in another Mg-RE alloy with those of the GY84K alloy, HRTEM observations were performed also on the WE54 alloy (Mg-5Y-4RE) aged for 128 h at 473 K (Fig. 7) . In Fig. 7(a) , the features indicated by arrows are typical 0 phases of a globular shape. Inside the dashed rectangle, the 0 phase shows a peculiarity on its right end. Magnified image of this region is shown in Fig. 7(b) . It revealed the 00 phase of a plate shape, extended along the ½01 1 10 Mg direction. In the GY84K alloy a lot of the 00 phases are observed along the h11 2 20i Mg directions (see Fig. 5 ), so morphologies of precipitates in the WE54 alloy differ from the GY84K alloy.
As regards formation of the 00 phase via D0 19 ordering in an Mg-RE alloy, Antion et al. 12) observed the early stage of aging in the WE43 alloy (Mg-4Y-3RE) by using HRTEM. They reported about a monolayer formed on both ð1 1 100Þ and ð11 2 20Þ planes by D0 19 ordering with the former leading to formation of the 0 phase with globular morphology, while formation of the 00 phase along the h1 1 100i Mg direction consisted in thickening of the monolayer on ð11 2 20Þ Mg plane. Furthermore, they reported that the 00 phase formed on an edge of the 0 phase of a globular morphology. In the present work, only the monolayers formed on the f1 1 100g Mg planes have been observed, as shown in Fig. 2(d) . According to the model of the WE43 alloy published by Antion et al., 12) the present result suggests the 00 phase of a plate shape to be difficult to form along h1 1 100i Mg directions. According to our TEM and HRTEM results, the 00 phase forms along the ½11 2 20 Mg direction (Fig. 5) while the plate shaped 00 phase, grown along the ½01 1 10 Mg direction (see Fig. 7 ) has not been observed in GY84K.
Our results and the above discussion reveal morphologies of precipitates in the Mg-Gd-Y-Zr alloy different from those in the Mg-Y-RE alloy. The monolayers consisting of Gd and Y atoms, arrayed on f1 1 100g Mg planes, probably act as a precursor for development of both 00 and 0 phases.
Growth of the monolayers along h11 2 20i Mg directions leads to formation of the 00 phase, while the growth along h1 1 100i Mg directions results in the 0 phase.
Conclusions
Changes in the microstructure from quenching to peak aging at 423 K in a Mg-8.3 mass% Gd-3.7 mass%Y-0.76 mass%Zr alloy were investigated in detail by using the HRTEM. The results obtained are summarized as follows: 
